s Abstract The analysis of molecular phylogenetic data has advanced the knowledge of the relationships among the major groups of living vertebrates. Whereas the molecular hypotheses generally agree with traditional morphology-based systematics, they sometimes contradict them. We review the major controversies in vertebrate phylogenetics and the contribution of molecular phylogenetic data to their resolution: (a) the mono-paraphyly of cyclostomes, (b) the relationships among the major groups of rayfinned fish, (c) the identity of the living sistergroup of tetrapods, (d ) the relationships among the living orders of amphibians, (e) the phylogeny of amniotes with particular emphasis on the position of turtles as diapsids, (f ) ordinal relationships among birds, and (g) the radiation of mammals with specific attention to the phylogenetic relationships among the monotremes, marsupial, and placental mammals. We present a discussion of limitations of currently used molecular markers and phylogenetic methods as well as make recommendations for future approaches and sets of marker genes.
INTRODUCTION
All studies in comparative biology depend upon robust phylogenetic frameworks. Although the history of vertebrates is relatively well documented in the fossil record (Carroll 1997) , the answers to several major issues in vertebrate systematics are still debated among systematists. Often debates arise because of large gaps in the fossil record, rapid lineage diversification, and highly derived morphologies of the extant lineages that complicate the reconstruction of evolutionary events and the establishment of solidly supported phylogenetic relationships. Traditional approaches to studying the phylogeny of vertebrates such as paleontological and comparative morphological methods were augmented by the advent of molecular sequence data about a decade ago. Here we review the contribution of molecular Figure 1 Phylogenetic hypothesis for the major lineages of vertebrates based on morphological, paleontological, and molecular evidence. Disputed relationships are depicted as polytomies.
systematics to the major unresolved questions (polytomies in Figure 1 in the phylogeny of extant vertebrates) (Benton 1990) .
One of the first major innovations in the evolution of vertebrates was the origin of jaws in the Cambrian, 540-505 million years ago (mya) (Carroll 1988) . Accordingly, vertebrates have been traditionally classified into Agnatha or cyclostomes (hagfishes and lampreys) and Gnathostomata (the jawed vertebrates) (Figure 1 ). The mono-or paraphyly of living agnathans is the first controversy that we will discuss. Among jawed vertebrates, the major division, based largely on the composition of the skeleton, is between the Chondrichthyes (cartilaginous fishes) and the Osteichthyes (bony fishes) (Figure 1 ). Bony fishes are further divided into Actinopterygii (ray-finned fishes) and Sarcopterygii (lobe-finned fishes + tetrapods) (Figure 1 ). The origin and the phylogeny of the major lineages of rayfinned fishes are still subject to debate (Figure 1 ). The transition to life on land dates back to the Devonian, 408-360 mya (Carroll 1988) , and the relationships of the living lobe-finned fishes (lungfishes and coelacanths) to the tetrapods is still actively discussed (Figure 1) .
The first lineage of tetrapods that branched off is the Lissamphibia (caecilians, salamanders, and frogs). There is controversy surrounding both their origin(s) in the Permian, 280-248 mya (Carroll 1988) , and their interrelationships (Figure 1) . One of the major evolutionary novelties of the tetrapods was the origin of the amniote egg that permitted the permanent independence from water for reproduction and ultimately, the colonization of land. Living amniotes are mammals and reptiles (turtles, lizards and snakes, crocodiles and birds) ( Figure 1 ). The origin of amniotes dates back to the Pennsylvanian, 325-280 mya (Carroll 1988) . The amniotes have traditionally been divided into three groups based on the fenestration of their skulls. Anapsids (without holes in the skull) are represented by turtles, the diapsids (with two holes in the skull, at least initially) are the tuatara, snakes and lizards, crocodiles, and birds, and the mammals (with one hole in the skull) make up the synapsids. The relationships among the three lineages of amniotes are contended, particularly because of the uncertainty regarding the phylogenetic position of turtles ( Figure 1 ). Molecular phylogenetic data recently shook up the traditional understanding of the ordinal relationships among the birds, as well as those of the placental mammals. This type of data also questioned the previous hypothesis of the evolutionary relationships among the three major groups of mammals, the monotremes, marsupials, and placental mammals (Figure 1 ).
In the following sections we will review, in some detail, each of the remaining major questions (polytomies in Figure 1 ) in the evolution of vertebrates. We will discuss the potential causes for the difficulty in resolving these questions, the status of the debate, and the specific contribution that molecular systematics has made to a resolution of these issues.
MONOPHYLY OR PARAPHYLY OF AGNATHANS
Fossils of the earliest vertebrates found in the Chengjiang Lagerstätte from the early Cambrian suggest that vertebrates are part of the Cambrian explosion (Shu et al. 2003) . Unlike the chordate filter feeders that had and still have an almost exclusively sedentary or even sessile lifestyle, the earliest vertebrates used their newly evolved head, and sensory organs derived from neural crest tissues, to actively locate and feed on more macroscopic prey. The earliest vertebrates or agnathans were jawless, and reached their peak of species richness in the Devonian. Only a small number of species of hagfishes (Mixiniformes, 43 species) and lampreys (Petromyzontiformes, 41 species) represent the two extant lineages of agnathans.
Jawless vertebrates clearly are a paraphyletic group, at least when extinct lineages are taken into consideration (Janvier 1996) . It seems well established that some of the extinct lineages of the Ostracodermata, in particular the Osteostraci, are more closely related to the jawed-vertebrates than they are to other agnathans (Shu et al. 2003 ). However, whether or not the living hagfishes and lampreys form a monophyletic group, traditionally called the round mouths or cyclostomes (Figure 2A ), or whether they are paraphyletic, with the lampreys more closely related to the jawed vertebrates ( Figure 2B ), is still debated mostly among molecular phylogeneticists. Most paleontologists now strongly favor the paraphyly hypothesis for the living agnathans (Janvier 1996) (Figure 2B ).
There are a number of important problems that adversely affect the solution of this problem both for paleontologists and molecular phylogeneticists (Mallat & Sullivan 1998 , Mallat et al. 2001 , Zardoya & Meyer 2001c . First, the only three surviving lineages of vertebrates (hagfishes, lampreys, and jawed vertebrates) appeared within a time window of less than 40 million years in the Cambrian (Janvier 1996) . This allowed only a short time period for the accumulation of diagnostic synapomorphies (both morphological as well as molecular ones) but a long time period of independent evolution and the accumulation of many autapomorphies to overlay the possibly previously existing phylogenetic signal. Second, there are big gaps in the fossil record that can be partly explained by the lack of bone in hagfish and lampreys. Further problems arise because of the rather "featureless" morphology of the earliest vertebrates (Shu et al. 2003) .
The traditional classification of vertebrates uniting hagfishes and lampreys as cyclostomes ( Figure 2A ) was supported by a number of morphological traits including the presence of horny teeth, a respiratory velum, and a complex "tongue" apparatus (Delarbre et al. 2000) . However, more recent morphological analyses found several apparently shared derived characters between lampreys and jawed vertebrates (Janvier 1981 (Janvier , 1996 (Figure 2B ). This paraphyletic relationship is even more strongly supported by cladistic analyses of several recent fossil finds from the Chinese Lagerstätten (Shu et al. 1999 (Shu et al. , 2003 .
Several molecular studies have addressed the question of the relationships of the living agnathan lineages to the gnathostomes. Phylogenetic analyses of the nuclear 18S and 28S rRNA genes (Mallat & Sullivan 1998 , Mallat et al. 2001 , Zardoya & Meyer 2001c ) suggested a monophyletic cyclostome clade ( Figure 2A ) with a relatively high support [for the rest of the text we mean a bootstrap value over 70% (Zharkikh & Li 1992) ]. The analyses of several other nuclear loci also support the cyclostome hypothesis (Kuraku et al. 1999) , and the most recent analyses of the largest data set so far (35 different nuclear markers) also came out in favor of the monophyly hypothesis (Takezaki et al. 2003) . By contrast, phylogenetic analyses of mitochondrial protein-coding genes seem to support the paraphyly hypothesis, with lampreys as the closest living sistergroup to jawed vertebrates (Rasmussen et al. 1998) (Figure 2B ). One of the crucial problems in the reconstruction of early vertebrate phylogeny using molecular data is that the hagfish branch is extremely long (Zardoya & Meyer 2001c ). This circumstance could artificially pull the highly divergent hagfish sequence toward the outgroup ( may explain the mitochondrial phylogeny (Rasmussen et al. 1998 ). More recent phylogenetic analyses using mitochondrial markers with a larger set of taxa provided support for both competing hypotheses depending on the method of phylogenetic inference (Delarbre et al. 2000) . These results may suggest that this phylogenetic problem involves evolutionary divergences that go beyond the limits of resolution of mitochondrial genes (Takezaki & Gojobori 1999 , Zardoya & Meyer 2001c ). Most paleontologists continue to support the paraphyly and most molecular systematists the monophyly hypothesis. Despite the fact that there are only two alternative hypotheses to consider, the phylogenetic relationships of hagfishes, lampreys, and jawed vertebrates still remain an undecided controversy in vertebrate systematics. It will require the analysis of larger (nuclear DNA) data sets with a denser taxon sampling in the lamprey and hagfish lineages that might divide the long branches and lead to more robustly supported phylogenetic hypotheses.
PHYLOGENETIC RELATIONSHIPS OF ACTINOPTERYGIAN FISHES
The origin of jaws, a key innovation that allowed gnathostomes to grasp large prey, was one of the major events in the history of vertebrates. This feature is likely related to the evolutionary success of both the cartilaginous fishes (Chondrichthyes: chimaeras, sharks + skates) and the bony fishes (Osteichthyes: ray-finned fishes, lobe-finned fishes + tetrapods). It is uncontested that Chondrichthyes are the sistergroup of the Osteichthyes (e.g., Carroll 1988) (Figure 3) . Surprisingly, some recent molecular studies based on mitochondrial sequence data (Rasmussen & Arnason 1999 ) recovered sharks as the sistergroup of teleosts (advanced ray-finned fishes) and suggested a derived position of Chondrichthyes in the pisicine tree. Further analyses showed that such unorthodox phylogenetic relationships were caused by noise (saturation) in the molecular data (Zardoya & Meyer 2001c ) and supported the traditional Chondrichthyes + Osteichthyes sistergroup relationship.
With more than 25,000 species (Eschmeyer 1998), ray-finned fishes (Actynopterygii) are the most speciose group of vertebrates. Ray-finned fishes date back to the early Devonian (Dialipina; Schultze & Cumbaa 2001) and their diversity and number has since then increased steadily. In contrast to most other groups of vertebrates, the known diversity of living ray-finned fishes exceeds that of known fossil taxa (Nelson 1994) . Ray-finned fish have been traditionally divided into "lower" and "higher" actinopterygians (Gardiner & Schaeffer 1989) . The former, also referred to as Chondrostei, includes the Polypteriformes (bichirs and reedfishes) and Acipenseriformes (sturgeons and paddlefishes) (Nelson 1994) . The more derived ray-finned fishes, the Neopterygii, include gars, bowfins, and the teleosts that make up more than 96% of all extant species of ray-finned fish (Nelson 1994 ) ( Figure 3A) .
Some lower actinopterygian relationships are uncertain (Grande & Bemis 1996) . Most paleontological and neontological workers place polypteriforms as the most basal lineage of ray-finned fishes (e.g., Gardiner & Schaeffer 1989 , Lauder & Liem 1983 (Figures 3B and 3C ). However, because of their peculiar lobed fins, polyteriform fish had even been described as sarcopterygians (Huxley 1861) or classified into their own subclass, the Brachiopterygii (Bjerring 1985 , Jessen 1973 . All molecular studies bearing on this question agree that polypteriforms are the most basal lineage of the Actinopterygii , Le et al. 1993 , Noack et al. 1996 , Venkatesh et al. 2001 .
However, the relative phylogenetic position of Acipenseriformes is debated ( Figures 3B and 3C ). Most morphological studies place sturgeons and paddlefishes as the closest living sistergroup of the Neopterygii (Grande & Bemis 1996 , Nelson 1969 ; but see Nelson 1994 ). This phylogenetic position was further supported by 28S rDNA sequence data (Le et al. 1993 ) ( Figure 3B ). However, recent molecular studies based on complete mitochondrial genome and nuclear RAG1 (Venkatesh et al. 2001 ) sequence data favor a close relationship of acipenseriforms to gars and bowfins to the exclusion of teleosts ( Figure 3C ). There is also no consensus on the identity of the closest living sistergroup of teleosts (Arratia 2001). Competing morphological hypotheses suggest that bowfins (Gardiner et al. 1996 , Grande & Bemis 1996 , Patterson 1973 , gars (Olsen 1984) , or both bowfins + gars (Holostei; Jessen 1973 , Nelson 1969 are the closest relative(s) of teleosts. As mentioned above, recent molecular studies , Venkatesh et al. 2001 ) support that acipenseriforms, bowfins, and gars form a monophyletic group, and therefore, that they are equally related to teleosts ( Figure 3C) .
Because of the large number of taxa involved (there are up to 38 recognized orders of teleosts; Nelson 1994) , and the lack of morphological synapomorphies, the higher-level phylogenetic relationships of teleosts have been difficult to resolve (Greenwood et al. 1966 , Nelson 1989 ). An impressive effort was made in a recent study to solve this question by sequencing and analyzing the complete mitochondrial sequence of 100 higher teleosts . Interestingly, the resulting molecular phylogeny strongly rejected the monophyly of all major groups above the ordinal level as currently defined (Greenwood et al. 1966) . Future phylogenetic analyses of nuclear sequences (e.g., from the RAG-1 gene) will be key in resolving the apparent inconsistency between morphological hypotheses and mitochondrial evidence.
VERTEBRATE MOLECULAR PHYLOGENY
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THE ORIGIN OF TETRAPODS
The origin of land vertebrates dates back to the Devonian (408-360 mya) (Carroll 1988) . The conquest of land by vertebrates was an important evolutionary event that involved morphological, physiological, and behavioral innovations (Clack 2002) . A strong paleontological record indicates that early tetrapods evolved from lobe-finned fishes, and recent fossil discoveries have shown that a particular group, the panderichthyids, are the closest relatives of land vertebrates (Ahlberg & Johanson 1998; Ahlberg et al. 1996; Clack 2000 Clack , 2002 Cloutier & Ahlberg 1996; Vorobyeva & Schultze 1991) . The sistergroup of panderichthyids plus tetrapods are osteolepiforms (Ahlberg & Johanson 1998 , Clack 2000 , Cloutier & Ahlberg 1996 . Dipnomorpha and Actinistia make up the other two major groups of lobe-finned fishes. Dipnomorphs include the extinct porolepiforms, and the air-breathing extant lungfishes (Dipnoi). Actinistia or coelacanths were a highly successful group of lobe-finned fishes during the Devonian that now are represented by only two surviving species (Latimeria chalumnae and L. menadoensis). Although most recent morphological and paleontological evidence support lungfishes as the closest living sistergroup of tetrapods (Ahlberg & Johanson 1998 , Cloutier & Ahlberg 1996 (Figure 4A ), until recently there was no general agreement regarding which group of living lobe-finned fishes, the Actinistia or the Dipnomorpha, is the one most closely related to the tetrapod lineage (Meyer 1995 , Zardoya & Meyer 1997b ). There is still disagreement among paleontologists about the homology of some important characters (e.g., the choanae) (Cloutier & Ahlberg 1996) and relevant fossils of intermediate forms connecting the three groups still await discovery.
Significant amounts of molecular phylogenetic data from the living sarcopterygian lineages, lungfishes, coelacanths, and tetrapods have been collected to address this phylogenetic problem. There are three competing phylogenetic hypotheses regarding the relationships among the living lineages of sarcopterygians: lungfishes as the sistergroup to tetrapods (Figure 4A ), the coelacanth as the sistergroup of tetrapods ( Figure 4B ), and lungfish and coelacanth as a monophyletic sistergroup to tetrapods ( Figure 4C ). The first molecular data set that supported lungfishes as closest living relatives of tetrapods ( Figure 4A ) was based on two fragments of the mitochondrial 12S rRNA and cytochrome b genes (Meyer & Wilson 1990) . Further support for this hypothesis was obtained from the phylogenetic analysis of complete 12S and 16S rRNA mitochondrial genes ). However, a reanalysis of this data set with more taxa resulted in an unresolved lungfish + coelacanth + tetrapod trichotomy (Zardoya & Meyer 1997a . Phylogenetic analyses of a data set that combined all mitochondrial proteincoding genes identified lungfishes as the sistergroup of tetrapods (Zardoya & Meyer 1997a (Figure 4A ). However, this data set could not statistically reject a lungfish + coelacanth clade ( Figure 4C ) but could reject the coelacanth + tetrapod hypothesis ( Figure 4B ). Phylogenetic analyses of a data set that combined all mitochondrial tRNA genes supported a close relationship between lungfishes and the coelacanth (Zardoya & Meyer 1997a, Zardoya et 1998) ( Figure 4C ). When the mitochondrial protein-coding gene data set was combined with the rest of the mitochondrially encoded (rRNA and tRNA) genes, it also supported lungfishes as the closest living sistergroup of tetrapods . Phylogenetic analyses of nuclear 28S rRNA gene sequences favored a lungfish + coelacanth grouping (Figure 4C ). The phylogenetic analyses of the combined mitochondrial and 28S rRNA nuclear data sets were not entirely conclusive. Depending on the method of phylogenetic inference used, both a lungfish + tetrapod ( Figure 4A ) or a lungfish + coelacanth clade ( Figure 4C ) were supported ). The coelacanth + tetrapod hypothesis ( Figure 4B ) received the least support in all phylogenetic analyses of any molecular data. Recent phylogenetic analyses of a nuclear gene, the myelin DM20 also supported lungfishes as the sistergroup of tetrapods (Tohyama et al. 2000) ( Figure 4A ). The lungfish + tetrapod clade is also supported by a single deletion in the amino acid sequence of a nuclear-encoded gene RAG2 that is shared by lungfishes and tetrapods (Venkatesh et al. 2001) . Overall, most molecular and morphological evidence supports lungfishes as the closest living sistergroup of tetrapods ( Figure 4A ) and, albeit cautiously, we conclude that this phylogenetic issue has been solved.
PHYLOGENETIC RELATIONSHIPS AMONG MODERN AMPHIBIANS
Most researchers agree that modern amphibians (Lissamphibia) form a monophyletic group that appeared in the Permian (280-248 mya) (Duellman & Trueb 1994 , Parsons & Williams 1963 , Szarski 1962 . Among paleontologists it is still debated whether the extinct temnospondyls (e.g., Panchen & Smithson 1987 , Trueb & Cloutier 1991 or the extinct lepospondyls (Carroll 1995 , Laurin 1998 , Laurin & Reisz 1997 ) are their sistergroup. Furthermore, there is no general agreement regarding the phylogenetic relationships among the three living orders of amphibians, the Gymnophiona (caecilians), Caudata (salamanders), and Anura (frogs). Most morphological and paleontological studies suggest that salamanders are the closest relatives of frogs (and form the clade Batrachia) to the exclusion of caecilians (Duellman & Trueb 1994 , Milner 1988 , Rage & Janvier 1982 , Trueb & Cloutier 1991 (Figure 5A ). Other morphology-based studies suggest that salamanders are the sistergroup of caecilians to the exclusion of frogs (Bolt 1991 , Carroll 1995 , Laurin 1998 ) ( Figure 5B ). Because all three lineages of extant amphibians acquired their distinctive body plans early in their evolutionary history, there are few reliable shared derived characters between them. Moreover, a rather poor Permian-Triassic fossil record complicates the determination of the evolutionary relationships among the Lissamphibia (Carroll 2000) . The first phylogenetic studies of this question used nuclear as well as mitochondrial rRNA data and suggested that caecilians are the closest living relatives of salamanders to the exclusion of frogs (Feller & Hedges 1998 , Hay et al. 1995 , Figure 5A ). This latter result is in agreement with most morphological evidence rather than with earlier molecular studies. The Batrachia hypothesis is currently supported by both morphological and molecular analyses. Yet, more work on nuclear markers and the study of the largely unresolved intraordinal relationships of all three orders possibly also with more complete mitochondrial genomes are expected to settle this long-standing debate in the near future.
AMNIOTE RELATIONSHIPS WITH EMPHASIS ON THE RELATIONSHIPS OF TURTLES
For more than 150 years, the phylogenetic relationships among major amniote lineages have been debated among evolutionary biologists. This phylogenetic problem remains difficult to solve partly because turtles have such a unique morphology and because only few characters can be used to link them with any other group of amniotes. Moreover, different traits provide conflicting phylogenetic signals. Historically, turtles have been considered the only living survivors of anapsid reptiles (those that lack temporal fenestrae in the skull), and the extinct procolophonids (Laurin & Reisz 1995) or pareiasaurs their closest relatives (Gregory 1946; Lee 1995 Lee , 1996 Lee , 1997 . The traditional hypotheses placed turtles (as part of the Anapsida) as sistergroup to all other living amniotes (Gaffney 1980 ). More recent phylogenetic analyses based on morphological and fossil data agreed that synapsids-the mammals-(those with a single lower temporal hole in their skulls) are the sistergroup to the remaining amniotes, and they placed anapsids as sistergroup of the diapsids-tuatara, snakes and lizards, crocodiles and birds-(those that have, at least ancestrally, two fenestrae in the temporal region of the skull) (Gauthier et al. 1988 , Laurin & Reisz 1995 , Lee 1997 , Reisz 1997 ) ( Figure 6A ). However, during the past decade several different amniote phylogenies have been proposed by both paleontologists (Rieppel & Reisz 1999 ) and molecular phylogeneticists (Zardoya & Meyer 2001a ), most of which favor a more derived position for turtles within the reptiles ( Figures 6B,C,D) .
Recent paleontological analyses reveal that the traditional assignment of turtles to the anapsids may be only weakly supported (deBraga & Rieppel 1997 , Rieppel & deBraga 1996 , Rieppel & Reisz 1999 . Alternatively, turtles have been suggested to be the closest living relatives of the Lepidosauria (tuatara and squamata, i.e., lizards and snakes) ( Figure 6B ) (deBraga & Rieppel 1997 , Rieppel & deBraga 1996 , Rieppel & Reisz 1999 , or the sistergroup of Archosauria (crocodiles and birds) ( Figure 6C ) (Hennig 1983) . Both placements imply that the anapsid condition of the turtle skull is a secondary loss or reversal to an ancestral condition.
The first molecular phylogenetic analyses of this issue were based on complete 12S and 16S rRNA mitochondrial gene data sets. They supported a turtle + diapsid sistergroup relationship to the exclusion of mammals , Hedges 1994 , Strimmer & von Haeseler 1996 (Figure 6A ). More recent reanalyses of the same genes with additional taxa (including representatives of the two major lineages of turtles, Pleurodira and Cryptodira) recover a turtle + Archosauria clade with moderately high bootstrap support (Figure 6C ). However, two alternative hypotheses, turtles as anapsids ( Figure 6A ) or turtles as sistergroup of lepidosaurs ( Figure 6B ), could not be statistically rejected based on this data set . Recent phylogenetic analyses of relatively large mitochondrial and nuclear sequence data sets further supported the diapsid affinities of turtles, and only differ on their relative position with respect to Lepidosauria and Archosauria. Molecular evidence based on complete mitochondrial protein-coding genes further confirmed the archosaurian affinities of turtles, and statistically rejected alternative hypotheses (Janke et al. 2001 , Kumazawa & Nishida 1999 (Figure 6C ). Phylogenetic analyses of a data set including complete mitochondrial protein-coding, rRNA, and tRNA genes also strongly supported the phylogenetic position of turtles as the sistergroup of archosaurs (Zardoya & Meyer 2001b) (Figure 6C ). Recent phylogenetic analyses that included the tuatara complete mitochondrial genome firmly support the sistergroup relationship between tuatara and lizards + snakes, and a sistergroup relationship between turtles and archosaurs (Rest et al. 2003) . In agreement with mitochondrial evidence, nuclear pancreatic polypeptide data support archosaurs as the living sistergroup of turtles (Platz & Conlon 1997) .
Phylogenetic analyses based on eleven nuclear proteins, in addition to the nuclear 18S and 28S rRNA genes, suggested that crocodiles are the closest living relatives of turtles (Hedges & Poling 1999) to the exclusion of birds ( Figure 6D ). Furthermore, a phylogenetic analysis that combined mitochondrial and nuclear data also recovered a crocodile + turtle grouping . However, morphological data strongly support the monophyly of archosaurs (Gaffney 1980 , Gauthier et al. 1988 . It is important to note that both crocodiles and turtles show significantly long branches that might introduce biases into the phylogenetic analyses (Sanderson & Shaffer 2002) . Hence, the sistergroup relationship of crocodiles and turtles needs to be treated as tentative, and further molecular clarification is needed.
Both recent paleontological and molecular data agree on the more derived position of turtles as diapsids. This new placement of turtles (either as the sistergroup to Archosaurs, Lepidosaurs, or Crocodilia) has profound implications for the reconstruction of amniote evolution, including, but not limited to, the understanding of the evolution of the fenestration of the skull.
PHYLOGENETIC RELATIONSHIPS OF BIRDS
Ever since the discovery of Archaeopteryx, this fossil genus from the Upper Jurassic was recognized as one of the missing links between dinosaurs and birds (Huxley 1868) . The sistergroup relationships between theropod dinosaurs (Saurischia) and birds is now firmly established (Ostrom 1975 , Xu et al. 2003 but see Feduccia 1996) . It is now generally believed by both morphologists and paleontologists that crocodiles are the closest living relatives of birds, and that both groups are the only surviving lineages of the Archosauria (e.g., Gaffney 1980 , Gauthier et al. 1988 ). Most molecular studies based on mitochondrial (e.g., Cao et al. 2000 , Hedges 1994 , Mindell et al. 1999 or nuclear (e.g., Caspers et al. 1996 , Platz & Conlon 1997 ) sequence data agree with this hypothesis. The only exception is the recent molecular work of Hedges and Poling (Hedges & Poling 1999) , which supported crocodiles + turtles as the closest living sistergroup of birds (but see above).
Most of the modifications in birds that are associated with powered flight (e.g., feathers, a fully opposable digit for perching, a keeled sternum, and a fused pygostyle that refines flight maneuverability) evolved within a short period of time (less than 10 million years) in the early Cretaceous (Sereno 1999) . Adaptation to flight led to a rapid radiation and the origin of the orders of modern birds during the Late Cretaceous (Cooper & Penny 1997; but see Feduccia 1996 but see Feduccia , 2003 , a period in which the fossil record of modern birds is relatively poor (Feduccia 1996) . As a result, the phylogenetic relationships of modern avian orders remain unresolved based on paleontological data. Traditionally, extant birds are classified based on the palatal structure into Palaeognathae and Neognathae (Pycraft 1900) (Figure 7A ). The Palaeognathae include the Struthioniformes (ratites) and Tinamiformes (tinamous). Within the Neognathae, Anseriformes (ducks), Charadriiformes (shorebirds), Gaviiformes (loons), and Procellariiformes (albatrosses) are considered to have diverged early (Feduccia 1996 , Mindell et al. 1999 .
The classic study of Sibley & Ahlquist (Sibley & Ahlquist 1990 ) based on DNA-DNA hybridization distances from 1700 species of birds was the first to suggest the palaeognath-neognaths division using molecular data ( Figure 7A that more recent work based on complete mitochondrial genome sequence data challenged this traditional view of a basal divergence between Palaeognathae and Neognathae (Härlid & Arnason 1999 , Mindell et al. 1999 (Figure 7B ). In these mitochondrial phylogenies, Passeriformes (perching birds) are paraphyletic, with oscine passerines (songbirds) as the sistergroup of all other birds. Struthioniformes are suggested to be in a rather derived position as sistergroup of galliformes + anseriformes (Galloanserae). However, it has been suggested that these results are likely to be the result of insufficient taxon sampling (van Tuinen et al. 2000) . A recent molecular phylogeny of representatives of all modern avian orders based on the complete mitochondrial 12S and 16S rRNA and nuclear 18S genes recovered the basal split between palaeognathans and neognathans and placed Galloanserae as the most basal neognathans (van Tuinen et al. 2000) (Figure 7A ). The traditional division between palaeognathans and neognathans was also achieved when the mitochondrial DNA data was corrected for rate heterogeneity (Paton et al. 2002) . The same results were achieved based on the complete nuclear RAG-1 gene (Groth & Barrowclough 1999) . Furthermore, the monophyly of the Passeriformes is supported by several recent molecular studies that are based on nuclear DNA sequences (Barker et al. 2002) . It would appear that mitochondrial DNA sequences provide somewhat less reliable phylogenetic information for the question on the ordinal relationships of birds and future studies might need to combine mitochondrial with new nuclear DNA markers to ascertain the relationships among the major ordinal lineages of the Class Aves.
THE SISTERGROUP OF PLACENTAL MAMMALS
The traditional view of the evolution of mammals based on both neontological, morphological, and fossil evidence identified the marsupials as the sistergroup of the eutherians (placental mammals) to the exclusion of the monotremes (the platypus and echidnas) (Carroll 1988) (Figure 8A ). Many morphological features have been interpreted as shared derived characters between marsupials and placentals (Kermack & Kermack 1984) . However, a minority of researchers working on morphological characters advocate a sistergroup relationship of monotremes and marsupials (the Marsupionta hypothesis) based on similar tooth-replacement patterns (Gregory 1947 , Kühne 1973 , to the exclusion of placentals ( Figure 8B ). The relatively poor fossil record for monotremes (Carroll 1988) complicates the analysis of the phylogenetic relationships among these three living lineages of mammals.
The complete mitochondrial sequences of the platypus and the opossum were determined in an effort to address this debate (Figure 8 ) (Janke et al. 1994 (Janke et al. , 1996 . Phylogenetic analyses of a data set that combined the inferred amino acid sequences of the mitochondrial protein-coding genes favored, with high statistical support, the monotreme + marsupial clade (Janke et al. 1996) (Figure 8B ). Follow-up studies based on the same kind of data included the wallaroo, Macropus robustus (Janke et al. 2001) , the wombat, Vombatus ursinus, and the echidna, Tachyglossus aculeatus (Janke et al. 2002) and confirmed the mitochondrial support for the Marsupionta hypothesis ( Figure 8B ). However, it has been noted that the strength of the support of the mitochondrial protein data set for the Marsupionta hypothesis varies considerably and depends on both the choice of outgroup and phylogenetic methods (Wadell et al. 1999) . Moreover, considerable variation of pyrimidine (cytosine + thymine) frequencies between mammalian mitochondrial genomes seems to affect the recovery of deep divergences in the mammalian tree (Phillips & Penny 2003) . Phylogenetic analyses that correct for such bias support the Theria hypothesis (marsupials as sistergroup of placentals) (Phillips & Penny 2003) . DNA-DNA-hybridization analyses also supported the monotreme + marsupial clade (Kirsch & Mayer 1998) . The validity of these studies was questioned because both monotremes and marsupials show a relatively high GC content in comparison to the placentals (Kirsch & Mayer 1998) . Such a base-compositional bias could artificially group the monotremes and the marsupials together. Recently, a nuclear gene, the mannose 6-phosphate/insulin-like growth factor II receptor, was sequenced from representatives of all three mammalian groups in an attempt to clarify this issue (Killian et al. 2001) . Phylogenetic analyses of this nuclear gene sequence data favored, with high statistical support, that marsupials are the sistergroup of eutherians to the exclusion of monotremes ( Figure 8A ). These nuclear data seem to corroborate the classical morphology-based hypothesis. Future molecular studies (including, e.g., more nuclear gene sequence data), will certainly improve our understanding of the sistergroup of placental mammals.
CONCLUSIONS AND OUTLOOK
Many of the major events that have occurred throughout the evolution of vertebrates are well documented in the fossil record. Vertebrates therefore offer the opportunity to study long-term evolutionary patterns and processes. However, some nodes, particularly often of those lineages related to the origin of the major clades in the vertebrate tree, remain controversial ( Figure 1 ). This is probably because the origin of the main lineages of vertebrates was often accompanied by/caused by key morphological innovations and subsequent rapid diversification. Rapid origination of lineages, gaps in the fossil record associated with some of these events, and difficulties in the interpretation of synapomorphic character states that were overlaid by long periods of anagenetic changes, hamper the inference of the exact phylogenetic relationships. New vertebrate phylogenies based on molecular data are contributing to the resolution of many of the long-standing problems ( Figure 9 ) (Zardoya et al. 2003) . In most cases, molecular data corroborate morphological evidence, but in some cases molecular and morphological signals conflict. Besides the corroboration of many of the traditional morphology-based phylogenetic relationships, new molecular data sets have also been particularly helpful in discerning among competing hypotheses. Examples are (a) the now well-supported sistergroup relationships of lungfishes with tetrapods to the exclusion of coelacanths, (b) the hypothesis that favors the Batrachia hypothesis (salamanders as Figure 9 Bayesian phylogeny of the major lineages of vertebrates based on the analysis of complete mitochondrial amino acid data sets (Zardoya et al. 2003) . Numbers above branches are posterior probabilities. In this phylogeny the major polytomies of Figure 1 are shown as resolved. Agnathan sequences were not included in this analysis since the phylogenetic limits of mitochondrial genomes are exceeded at this level of phylogenetic inquiry. Note comments in the text for some issues regarding the use of mitochondrial DNA for some phylogenetic questions, e.g., monotreme-marsupial-eutherian relationships and the ordinal phylogeny among birds.
sistergroup of frogs), and (c) the placement of turtles as the sistergroup to Archosauria (Figure 9 ). Occasionally, when conflicting topologies of molecular and morphological trees are obtained, doubt is raised about the validity of answers to problems that are considered to be settled. This is the case of the recent molecular evidence that supports a sistergroup relationship of hagfishes and lampreys against morphological evidence (Janvier 1996) , or the mitochondrial support of a monotreme + marsupial clade against the seemingly well-established Theria hypothesis. Ultimately, comparisons of conflicting signals should enable evolutionary biologists to detect biases that result in misinterpreting one of the two types of data. Understanding the sources of signal conflict will definitively improve phylogenetic inference and may contribute to settling open debates in the systematic relationships among vertebrate lineages.
Two molecular markers, mitochondrial DNA and nuclear rRNA genes, have been widely, and by and large, successfully applied to phylogenetic inference of vertebrate relationships. Several recent advances in molecular techniques such as the development of new nuclear markers (Rag, c-mos, opsins, aquaporin, β-casein, enolase, and creatine kinase, among others) and the possibility of analyzing whole genomes are adding new important insights to the field of vertebrate molecular systematics. More efficient collection techniques for large molecular data sets are already having a major impact on the field. Moreover, more powerful and new phylogenetic algorithms [e.g., Bayesian, Markov Chain, Monte Carlo methods (Huelsenbeck et al. 2001) ; and the metapopulation genetic algorithm (Lemmon & Milinkovitch 2002) ] and alternative new approaches such as reconciled trees (Cotton & Page 2002) , as well as faster computers facilitate the estimation of phylogenetic relationships even when using large sequence data sets (Liu et al. 2001 ).
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